ABSTRACT. Rivers of the Mackenzie Basin exhibit several seasonal flow patterns that include the nival (snowmelt dominated), proglacial (influenced by glacier melt), wetland, prolacustrine (below large lakes), and regulated flow regimes. The Mackenzie amalgamates and moderates these regimes to deliver spring peak flows, followed by declining summer discharge and low winter flows, to the Arctic Ocean. The mountainous sub-basins in the west (Liard, Peace, and northern mountains) contribute about 60% of the Mackenzie flow, while the interior plains and eastern Canadian Shield contribute only about 25%, even though the two regions have similar total areas (each occupying about 40% of the total Mackenzie Basin). The mountain zone is the dominant flow contributor to the Mackenzie in both high-flow and low-flow years. A case study of the Great Slave system demonstrates the effects of natural runoff, regulated runoff, and lake storage on streamflow, as well as the large year-to-year variability of lake levels and discharge. Despite a warming trend in the past three decades, annual runoff of the Mackenzie Basin has not changed. Significant warming at most climatic stations in April (and at some, also in May or June) could have triggered earlier snowmelt. The first day of hydrograph rise for the main trunk of the Mackenzie (seen as a proxy for breakup) has advanced by about three days per decade, though the trend was not statistically significant for the mountain rivers. Peak flows do not reveal any trend, but the arrival of the spring peaks has become more variable. More evidence is needed to interpret these flow phenomena properly.
INTRODUCTION
The Mackenzie River drains an area of 1.8 million km 2 , about one-fifth of the total land area of Canada. The basin encompasses a diversity of natural environments and possesses abundant potential resources, while the Mackenzie valley corridor facilitates north-south transportation of commodities. The Mackenzie is the largest North American river that brings freshwater to the Arctic Ocean. The freshwater layer maintains a thermohaline gradient that prevents the extrusion of the denser, saline sea water, thus preserving the integrity of the polar ice pack. At the nearshore zone, however, ice breakup is advanced by the massive river discharge in the spring (Searcy et al., 1996) . Thus, knowledge of the quantity and the seasonality of freshwater flow of the Mackenzie River not only is important to the environment and development within the basin, but has implications for the littoral zone and the broader oceanic and atmospheric circulations (e.g., Rahmstorf, 1994) . The Mackenzie Basin is considered in many climatic models as an area likely to be affected by climatic warming (Cohen, 1997) . This implies an effect on the water balance and runoff generation in the basin. Furthermore, the issue of inter-basin water transfer is attracting growing interest, and its ramifications upon the Mackenzie cannot be ignored. An examination of the flow conditions of the river and its major tributaries can provide a firm hydrological basis for debates on water resources.
Although streamflow data have been collected for decades along the main trunk of the Mackenzie and for a number of its tributaries, analysis of the discharge data is needed to establish the pattern of how much water is delivered during different times of the year from different environments. This information will be useful in assessing the sensitivity of runoff from various parts of the Mackenzie system to forcing of the climate and to streamflow regulation. The present study analyzes (1) the flow patterns of the Mackenzie and its major sub-basins, (2) the contribution from the major sub-basins to the Mackenzie system, and (3) the possible presence of trends in the recent flow records.
THE MACKENZIE BASIN
The Mackenzie Basin extends from central Alberta in the south to the Beaufort Sea coast in the north, and from the continental divide of the Western Cordillera to the Canadian Shield at the eastern border of the Northwest Territories. It encompasses four physiographical regions ( Fig. 1 ). In the west, the Western Cordillera consists of a series of mountain chains and valleys or high plateaus. Many ridges of the Rocky Mountain chain exceed 2000 m elevation, and some have glaciers occupying the mountain tops and high valleys. To the east is the Canadian Shield, a rolling terrain with myriad lakes and valley-wetlands separating upland outcrops of Precambrian bedrock. The central zone is the Interior Plains, with wetlands, lakes, and vegetation that ranges from prairie grassland in the south, through the boreal and subarctic forests, to the tundra in the north. At the mouth of the Mackenzie is its delta, an assemblage of distributaries, levees, wetlands, and lakes.
The basin straddles several climatic regions, including the cold temperate, mountain, subarctic, and arctic zones. Annual precipitation declines notably from west to northeast, ranging from more than 1000 mm in the southwest, and more than 500 mm in the northwest, to low values of about 200 mm along the Arctic coast (Hydrological Atlas of Canada, 1978; Fig. 2a ). Snowfall is the major form of precipitation, and it is generally recognized that snowfall is underestimated, particularly in the mountainous and the windswept Arctic terrain (Metcalfe et al., 1994) . In many parts of the basin, snow stays on the ground for over half the year, and snowmelt usually triggers major high-flow events. Convectional and frontal rainfall in summer and autumn is also an important source of water for streamflow generation.
DATA AND METHODS
The Water Survey of Canada, through the hydrometric database (HYDAT), provides streamflow and water level data that are used in the present study (Fig. 1) . Although many gauging stations in the Mackenzie Basin have only short records with incomplete data, several large catchments (areas > 200 000 km 2 ) have at least 25 years of monthly and annual flow records. The Mackenzie itself is gauged at several locations along its main trunk. Discharge data for the Mackenzie gauged at the village of Arctic Red River (with a drainage area of 1.68 million km 2 ), before the river branches into many distributaries, will be used as the total flow for the Mackenzie system. The Mackenzie drainage is divided into seven major drainage areas with different hydrological characteristics and with discharge values that are measured or that can be estimated (Fig. 1) . These include the Athabasca, located in the cold, temperate zone of the southern Mackenzie Basin; the Peace, which is impounded by the Bennett Dam to form the Williston Reservoir; the Great Slave, which includes the drainage from the Canadian Shield, as well as several basins on the high plains (>1500 m); the Great Bear in the Shield region, dominated by the large Great Bear Lake; the low plains, with many basins draining wetlands, small lakes, and northern forests; the Liard, a large, mountainous basin; and the northern mountains, with a collection of smaller catchments in a subarctic, subalpine setting. Streamflow, reported by HYDAT in m 3 /s, is divided by basin area and expressed as specific discharge in m 3 /s/km 2 or as runoff in mm of water. A water year is considered to span from October to September of the following year, and dates are given as Julian days (Day 1 = 1 January). This study employs annual and monthly data, together with annual maximum daily values from the major sub-basins. Only four major catchments provide flow data at their outlets: the Peace River at Peace Point, the Athabasca River below Fort McMurray, the Liard River near its mouth, and the Great Bear River at the outlet of Great Bear Lake. Monthly and annual discharges for the Great Slave region, the low plains, and the mountains north of the Liard have to be estimated from the records of their sub-basins. Discharge from the Great Slave region is obtained by subtracting from the Mackenzie flow at Fort Simpson the measured flows of the Liard and Slave Rivers and the calculated flows of several rivers on the low plains.
To estimate the flow for the ungauged basins in the mountains and on the low plains, regression relationships were obtained between the basin area and the flow of the gauged rivers with at least seven years of record between 1968 and 1999. The derived empirical equations for glacierized basins are q = C -Da for basins with areas of 15 000 -30 000 km 2 and q = Fa -G for basins under 15 000 km 2 , where q is specific discharge in m 3 /s/km 2 and a is basin area in km 2 . The corresponding equations for low plain basins are q = Fa -G (15 000-30 000 km 2 ) and q = C -Da (under 15 000 km 2 ). The numerical values of the regressed coefficients C, D, F, and G are given in Table 1 . For individual water years, the parameters were re-estimated (Table 1 ) using the flows of the gauged rivers for those particular years.
To examine possible trends in the data, we prepared time series for several characteristics of streamflow (annual and monthly discharges, magnitude and timing of peak flow) and climatic variables (monthly temperature and precipitation). These time series were analyzed for trends using the nonparametric Spearman's correlation technique (Appendix 1), which is not affected by the distribution of the hydrological and the climatic data. Although the Mann-Kendall test has recently become popular for many trend studies (e.g., Hirsch et al., 1982) , Yue et al. (2002) found that the Mann-Kendall test and Spearman's rank correlation provide almost identical results. The latter is used here because most researchers are familiar with the meaning of the r-value and because Yue et al.'s (2002) study suggests that when a trend exists, the power of the Mann-Kendall test is dependent on the distribution type. We estimated the slope of statistically significant trends using the method of Yue et al. (2002) , shown in the Appendix.
STREAMFLOW REGIMES
A streamflow regime is the average pattern of seasonal variation in streamflow. Streamflow is influenced by water supply (e.g., snowmelt, rainfall, glacier melt), water losses (e.g., evaporation) and storage modifications (by lakes, wetlands, reservoirs, and groundwater). By interpreting the shape of the hydrographs, guided by physical considerations, we can recognize several principal regime types within the Mackenzie system. We first analyzed the hydrographs of the medium-sized (≤ 20 000 km 2 ) basins, obtained by calculating the mean, standard deviation, and highest and lowest recorded flows of every calendar day.
The principal seasonal flow pattern exhibited by most rivers is the subarctic nival regime, in which snowmelt, often accompanied by river ice breakup, generates high flows (Church, 1974) . The nival regime is modified where additional sources of water supply (e.g., glacier meltwater) or significant storage mechanisms (e.g., lakes) alter the streamflow pattern (Woo, 2000) . Most of the rivers in the southern basin and at low altitudes peak in early May, but in rivers at higher latitudes and high altitudes, where snowmelt is delayed, spring peaks occur later (e.g., late May for the Ogilvie River in Fig. 3) . In glacierized basins, the ablation of glaciers intensifies in the summer and this, together with snowmelt at high elevations, prolongs the high flows into summer (a proglacial regime, e.g., the Athabasca River near Jasper). For some basins, autumn rainfall can give rise to secondary peaks that are lower in magnitude than the spring flood (e.g., Arctic Red River, Fig. 3) .
Wetlands have little effect in modifying the spring high flows because of their low storage capacity when frozen (Woo, 1988) , and therefore rivers with a wetland regime show prominent snowmelt peaks (e.g., the Little Buffalo River in Fig. 3 ). After the ground thaws, however, the unfrozen soil in the wetlands have an increased capacity to retain water and to retard the summer flows, leaving a large amount of moisture available at or near the ground surface to support evaporation. Large lakes are highly effective in providing large storage capacities to reduce the high flows and to extend the low flows. Thus, basins with a prolacustrine regime tend to have fairly even runoff during the year (e.g., the Lesser Slave River, Fig. 3 ). When the flow is modified by reservoir operation to generate hydroelectric power, as is the case of the Peace River at Hudson Hope, the natural flow regime is strongly altered (Peters and Prowse, 2001) , though the total annual flow volume may not be seriously modified.
Rivers from the major sub-basins combine the flow regimes of their tributaries. The Liard exhibits a nival regime (Fig. 4 ), but it attains its peak more gradually than the medium-size basins (cf. Ogilvie). This is attributed to its large elevation range, which causes an extended melt contribution period as snowmelt progresses from the valleys to the mountain tops. The Athabasca below Fort McMurray (Fig. 4) has an early hydrograph rise that is due to snowmelt in the lowlands and a summer peak, possibly sustained by glacier and high-elevation snowmelt in its headwater areas (cf. Athabasca at Jasper, Fig. 3 ). The Peace River at Peace Point combines the regulated flow effect of the Williston Reservoir at Bennett Dam (cf. Peace at Hudson Hope in Fig. 5 ) with the nival regime runoff of its tributaries downstream of the dam. A comparison of the pre-and post-damming periods shows that reservoir operation maintains a large winter flow but eliminates the spring peak and reduces the summer discharge (cf. Peace at Hudson Hope). This effectively reduces the snowmelt and summer flows at Peace Point, which receives its spring freshet and rainfall-induced high flows only from the tributaries downstream of the dam (Fig. 5 ). The reservoir operations may substantially influence the regime of water level fluctuations in the Great Slave Lake. Kerr (1997) noted that since the dam construction, the long-term mean amplitude of the lake has declined and its high water level period occurs sooner. In subsequent analysis, we consider only the period during which the Peace River has been regulated by reservoir operations. The flow of the Mackenzie River at Arctic Red River combines the regimes of its sub-basins; in addition, the large basin size has a moderating effect that smoothes out the minor fluctuations, leaving a nival regime hydrograph that is dominated by peak flow in the snowmelt period followed by declining flows in the summer and low flow in the winter (Fig. 4) .
SUB-BASIN FLOW CONTRIBUTIONS
Different sub-basins play varying roles in terms of flow contribution to the Mackenzie. On a per unit area basis, the headwater catchments of the glacierized basins yield the highest flow, followed by the non-glacierized basins in the mountainous areas. Both the Shield and the plains have low runoff. This accounts for the large flow from the mountainous sub-basins of the North, the Liard and the Peace, and the low flows from the eastern sub-basins of the Shield, the plains, the Great Bear, and the Great Slave areas ( Table 2 ). The Athabasca has intermediate flow values, as it has mountainous headwaters combined with high plains and Shield provinces in its lower course.
In terms of the percentage contribution of a sub-basin to the Mackenzie system, both the runoff intensity and the sub-basin area have to be considered: (100 × qa/QA), where q and Q are runoff (in mm, which is equivalent to specific discharge except for the difference in units) from the sub-basin and from the Mackenzie at Arctic Red River, while a and A are their respective drainage areas. The long-term mean contributions are given in Table 2 , and the monthly portions of contribution are depicted in Figure 6a . In spring, much of the flow is contributed by the southern basins with early melt. In summer, the Liard basin is the main flow contributor. During autumn, the central parts of the basin yield the majority of the Mackenzie discharge. In winter, the Athabasca and the regulated Peace River sustain much of the low flow. The total annual flow from the main sub-basins (i.e., the sum of qa for all sub-basins) is remarkably close (within 5%) to the annual flow of the Mackenzie River at Arctic Red River (or QA). On a monthly basis, however, the Mackenzie River has lower flow than the combined sub-basin discharge in May, but higher flow in summer (Fig. 6a) . Possible reasons include (1) errors in discharge measurement and calculations (the former are particularly likely during the spring breakup period, when ice jams interrupt regular gauging procedures); (2) temporary storage effects due to the river ice, in which the ice-induced hydraulic storage can represent 15 -19% of the spring freshet volume (Prowse and Carter, 2002) ; (3) storage along the channel and in the riparian zones during the spring season, such as ponding and ice jam flooding; and (4) groundwater that flows directly into the Mackenzie, but is not included in the gauged surface flows.
To examine the deviations from the mean conditions, we analyzed sub-basin flow contributions during a high-flow year and a low-flow year of the Mackenzie River. A review of the discharge record reveals that data are frequently missing for many gauging sites. Only between 1979 and 1989 were complete records available for the five major basins and for at least 15 of the smaller sub-basins. Indeed, the hydrometric network of northern Canada was limited before the 1970s, and it has suffered serious attrition in recent decades (cf. Shiklomanov et al., 2002) . Consequently, we had to select an above-average flow year (1987 -88) and a below-average flow year (1979 -80) from this period of record. Using calculations based on the discharge of the Mackenzie River at the Arctic Red River station, the flow exceedance probabilities are 0.07 for 1979 -80 and 0.9 for 1987 -88. For these two water-years, the flow contributions from the major subbasins to the Mackenzie system are given in Table 1 . The occurrences of negative flows from the Great Slave catchment are possibly an artifact of flow calculation, since its flows are obtained as the difference between the measured flow of the Mackenzie at Fort Simpson and discharges from other sub-basins (see Methods section). This possible error is confined to the winter period, when under-ice discharge values are known to have limited accuracy. In any case, the values are small: the differences between Mackenzie discharges and total sub-basin discharges for the entire year remain below 10%.
In l987 -88, the year with above-average flow for the Mackenzie, the mountainous catchments all yielded aboveaverage runoff, but all other catchments except the low After Dam (1979-99) plains produced below-average runoff. The monthly values (Fig. 6b) further indicate that the Peace provided more winter releases than normal, but the other mountainous sub-basins generated higher-than-normal summer flows, likely in response to high precipitation (above-average precipitation for that year was reported for Watson Lake, but not for Norman Wells or Fort Smith, located east of the mountains). The Liard was the major flow contributor, accounting for about one-third of the total Mackenzie discharge. The annual peak of the Mackenzie, like that of the Liard, was delayed until July in 1988.
In 1979 -80, the below-average flow year for the Mackenzie, runoff from all sub-basins was reduced, though the proportion of sub-basin contributions to the Mackenzie remained similar to that of the mean situation (Fig. 6c) . However, the sum of all sub-basin flows added up to only 91% of the Mackenzie discharge (Table 2) , and this discrepancy may result either from a combination of discharge gauging errors, or from groundwater inputs to the Mackenzie not measured in the surface flows.
The three examples above demonstrate that the mountain sub-basins are the principal contributors to the Mackenzie under all flow conditions. Where lakes prevail (e.g., Great Bear basin), fluctuations in runoff contribution are dampened by lake storage, but the lake catchments in the east have low precipitation and provide limited portions of the total Mackenzie flow. The mountainous sub-basins can experience large fluctuations in precipitation and therefore wide variations in runoff. It follows that any change in the spring high flows in the mountainous region will directly affect the timing and the rate of seasonal freshwater delivery through the Mackenzie River to the Beaufort Sea.
FLOWS AND LAKE LEVELS OF THE GREAT SLAVE SYSTEM: A CASE STUDY
To examine in detail how natural and artificial forcing and storage influence the discharge and lake level fluctuation patterns, we analyzed the 1995 -99 variations of the Great Slave system. In mid-1996, the highest artificial release of flow on record for the Peace River was discharged at Bennett Dam, sustaining considerable summer flows throughout the Peace-Slave drainage (Fig. 7) . At the same time, the summer high-flow regime of the Athabasca River raised the level of Lake Athabasca. Large inflow from the Peace River, together with storage release from Lake Athabasca, produced high flows in the Slave River that subsequently caused the level of Great Slave Lake to rise. The peak flow for the Mackenzie was delayed by Great Slave Lake storage, though the recession flow was interrupted by the freeze-up. In the following spring, snowmelt-related high flows were generated in the Athabasca basin and in the Wabasca and Smoky River catchments downstream of Hudson Hope (indicated by the records of high flow at Peace Point, but not at Hudson Hope), causing a rise in the level of Lake Athabasca. The high flow cascaded down the Slave River to Great Slave Lake and contributed to the large discharge of the Mackenzie. It is of interest to note that this large Mackenzie discharge was detected in 1997, as a freshwater plume advected to the Beaufort Sea, by the oceanographers of the SHEBA (Surface Heat Budget of the Arctic) project (Macdonald et al., 1999) . Streamflow modification caused by human activities has also been reported for the major Russian rivers that enter the Arctic Ocean (Ye et al., 2003) . Regime modifications, like those of the Russian The spring of 1998 yielded low snowmelt runoff from the Peace and Athabasca Rivers, but these flows were superimposed on the storage release from Lake Athabasca, so that the Slave River maintained a moderate inflow to Great Slave Lake. This elevated Great Slave Lake to another high level and its outflow at Strong Point attained the highest recorded peak (for the 1996 -98 period). The 1997 -98 levels of Lake Athabasca and Great Slave Lake also reached their record highs. However, after one long open-water season with exceptionally high evaporation- Rouse (2000) calculated the loss to be 506 mm between 3 July 1998 and 8 January 1999, a value that is about 100 mm higher than average-the lake level fell and the nonexceedance probabilities for the two lakes were only 0.1 and 0.2, respectively. Reflecting the reduction in lake outflow, the discharges of the Slave and the Mackenzie at Strong Point declined accordingly. This example demonstrates several features of flow generation within the Great Slave system, which constitutes half of the entire Mackenzie catchment. (1) This drainage system receives important runoff contributions from both natural and regulated water sources. (2) Given the vastness of the region, the timing and the magnitude of water supply can be highly variable in space, as evidenced by the 1997 spring flows of the Peace River. (3) Lake levels rise in response to inflows, but can be lowered substantially by evaporation losses, as was the case in 1998. (4) The large lakes of the Slave system offer textbook examples of lake storage effect, delaying the high flow and extending the recession flows downstream. (5) A combination of moderate inflow and storage release from the lake can generate high outflows. (6) Lake levels and streamflows of the Great Slave system can vary greatly from year to year (cf. 1995 and the subsequent three years), and interpretation of the 1995 -99 data enables unraveling of the major mechanisms that cause such large variability. . It should be cautioned, however, that such warming "is no larger than the observed interdecadal range in high-latitude temperatures during this century" (Serreze et al., 2000:197) . Furthermore, given the vastness of the study area, warming is not felt uniformly across the basin (Fig. 2b) . For instance, Fort McMurray and Fort Smith in the southeast experience significant temperature increase in January (1.2 -1.4˚C per decade), but no statistically significant increase occurs at that time for Watson Lake in the western mountains or for Norman Wells on the northern interior plain. In July, Norman Wells shows a significant temperature increase, but the other three stations do not. It is in April that most stations exhibit significant warming (Table 3) , and this warming can advance the arrival of snowmelt in northern basins. Annual precipitation displays a significant decrease for Norman Wells, but this trend is not found in the other stations (Table 3) . Zhang et al. (2000) suggested that there is an increase in the ratio of total snowfall to annual precipitation in the north. It is to be cautioned, however, that snowfall data are prone to measurement error (Metcalfe at al., 1994) , and since most stations are located in valleys or lowlands, their data are unlikely to reflect the average condition of the entire basins (Woo et al., 1983) . Nevertheless, both temperature and precipitation changes can affect the water balance through rainfall input, snow accumulation and melt, and evaporation, hence influencing the magnitude and timing of runoff. This section will examine recent changes (or lack of change) both in air temperature and in the annual, monthly, and maximum flows of the Mackenzie system.
Annual and Monthly Flows
The scarcity of long-term data precludes conclusive statements about the streamflow trends. Hag Elnur, 2002), but with limited reference to the Mackenzie Basin because of the paucity of data from the Network. The more extensive HYDAT dataset offers 27 to 32 years of record for the western basins of the Mackenzie catchment, though its data for the catchment's eastern sector are insufficient for this study (Fig. 8) . Nevertheless, as the previous analysis indicates, the western regions yield the bulk of runoff for the Mackenzie, and any signals of their flow trend or flow variability will be transmitted downstream to the main trunk.
In terms of annual flows, no statistically significant trend can be detected within the record for the Mackenzie or for its main sub-basins (Table 4) . A similar result was reported by Zhang et al. (2001) for selected basins in the Mackenzie system. Such findings are consistent with Serreze et al.'s (2000) conclusion that there are no apparent trends in precipitation-minus-evaporation north of 70˚N, though the Mackenzie lies considerably farther south than their study region. While the annual flows do not reveal any obvious trend (Table 4 and Fig. 8 ), there appears to be a recent change in the year-to-year variations in streamflow in some sub-basins. The variability of annual flows is obtained as 10-year running standard deviations in streamflow (Fig. 9) . These standard deviations are regressed against time (in years). The Athabasca in the southeast and some small catchments farther north (e.g., the Jean-Marie on the interior plains and the Lockhart in the Shield) show significant increases in the variability of their annual flows (Table 4) .
Annual values mask the changes in monthly flows. On a monthly basis, the Liard River and the regulated Peace 1 Variability is calculated as the running standard deviations for consecutive ten-year periods. 2 n is number of paired data used in the correlation. * Correlation significant at 0.95 probability. (Table  5a ). In terms of variability, the Peace displays increased variations in its April, June, and autumn (September to November) discharges (r-values in Table 5b ). This phenomenon may be related to streamflow regulation for hydroelectric power generation. The Athabasca River experiences a significant increase in flow variability in March and August, and a significant decrease in September. The Liard reveals a significant increase in flow variability in April and September, but a reduction in variability during the intervening summer months of July and August. A general reduction in flow variability at all the major subbasins in May is followed by an increase in June. This tendency is also reflected in the Mackenzie discharge (Table 5b ). On the other hand, the Mackenzie shows a general reduction in flow variability in its October to December flows, and this pattern is largely contrary to the variability trends of its major sub-basins. These discharge trends cannot be explained easily because of differential river ice growth rates (Prowse and Carter, 2002) and because flow data obtained during the ice-covered period are notoriously unreliable.
Annual Peak Flows (Annual Floods)
An annual flood is defined as the highest flow that occurs in a water year. For the Mackenzie system, these extreme high flow events are important because they often cause flooding and river ice damage to the riverside communities, interrupt traffic, and alter the morphology and ecology of the channel and river plain, as well as injecting large quantities of freshwater into the sea within a period of days. Three attributes of the flood can be derived from the daily streamflow data for this study: the first day of major hydrograph rise (defined as the day when discharge is double that of the previous day), the day when the annual peak occurs, and the magnitude of this peak.
Climatic warming can advance the dates of snowmelt initiation and snow cover depletion (Kane et al., 1992) , and any such effects on streamflow will be best detected during the spring high flow period. Given the vastness and the topographic contrasts of the Mackenzie Basin, it is difficult to identify the beginning of the melt period for particular sub-basins. For generalized purposes, we make use of atmospheric warming as a surrogate indicator of the initiation of snowmelt. We infer that the arrival of the melt season will follow three consecutive days of air temperatures above 0˚C. Although this does not take account of the energy balance or the ripening of the snow pack, air temperature remains as the only climatic indicator that is measured at different parts of the basin. Using such information, it is suggested that spring warming occurs early in the southern zones (e.g., in early April in northern Alberta, around 10 April on the high plains and in the Great Slave Lake vicinity, and after 20 April on the lowlands north of Fort Simpson). The southern sector (Fort McMurray and Fort St. John) and the western sector (Mayo Landing and Whitehorse, immediately west of the Liard drainage) show significant trends of earlier arrival of air temperatures above 0˚C (Table 3) , though most other stations have a weak tendency toward early warming that is not statistically significant. For Fort St. John and Fort McMurray, the arrival of above-freezing conditions has advanced by 3.3 and 3.8 days/decade, and it advanced by 3.2 -4 days/ decade at Mayo and Whitehorse, but for the other sites, the change was around 1 day/decade. In addition to an earlier rise above the freezing point, there has been a general increase in the air temperature for April (positive r-values in Table 3 ). Climatic stations in the Mackenzie Basin, from Inuvik in the north, through Yellowknife, to Fort McMurray in the south, show statistically significant warming trends of 0.9˚, 0.7˚, and 0.5˚C per decade, respectively (Fig. 10) . Such trends can cause an early warming of the snow cover in the north and advance the melt date in the south. Following melt initiation, the intensity of melt is another consideration in the production of meltwater runoff. The northern sector and Mayo have become warmer in May, and this tendency persists in June (Table 3) . These results are in accord with Whitfield and Cannon (2000) and Zhang et al.'s (2000) finding of a general increase in spring temperatures for the region.
A large influx of meltwater runoff often induces sharp hydrograph rises. The Mackenzie does show statistically significant earlier occurrence of sharp hydrograph rises along its main trunk from the Slave at Fitzgerald to Arctic Red River. Between 1973 and 1999, the date of spring hydrograph rise for the Mackenzie at Arctic Red River advanced by three days per decade (Fig. 11) and that for the Slave by five days per decade. A weak and statistically insignificant trend of earlier hydrograph rise (by about three days per decade) is exhibited by the Liard and the Peace (Table 6 ). If sharp hydrograph rise indicates spring breakup, the evidence from most parts of the Mackenzie system agrees with the breakup trends reported for a number of lakes and rivers in the Northern Hemisphere by Magnuson et al. (2000) , even though different definitions for breakup are used. Our definition suggests that the 1972-82 1973-83 1974-84 1975-85 1976-86 1977-87 1978-88 1979-89 1980-90 1981-91 1982-92 1983-93 1984-94 1985-95 1986-96 1987-97 1988-98 1989-99 Mackenzie R. * Correlation significant at 0.90 probability; ** correlation significant at 0.95 probability.
beginning of breakup corresponds with a sharp rise in the hydrograph, while Magnuson et al. (2000 Magnuson et al. ( :1743 focus on the end of the process, defining "breakup" as "the date of the last breakup observed before the summer open water phase." They caution, however, that the breakup date is related to a multiplicity of factors, being "strongly influenced by the timing, magnitude, and rate of spring runoff as well as by the nature of the freezing process and ice stratigraphy." The mean date of annual peak occurrence for the Mackenzie is 3 June at Arctic Red River (Fig. 11 ), but it is 7 June at Norman Wells and 19 June at Fort Simpson. The fact that the lower course of the river peaks earlier than its upstream sections suggests that the local and not the basinwide spring melt inflows give rise to the peak flows along the river. This is understandable, since the occurrence of annual peaks is complicated by several considerations besides spring snowmelt. The Liard basin traverses a large altitudinal range of 2700 m, so that the snow at the higher elevations may still be melting while the lowland snow cover has long disappeared. High flows are thus prolonged, and the arrival of the annual peak is delayed until mid-June (mean date: 18 June). The Athabasca, fed by glacier melt and snowmelt at high altitudes, does not peak until July (mean date: 5 July). No statistically significant trends can be discerned in the date or the magnitude of the annual peaks that occurred in the Mackenzie and its major sub-basins (Table 6 ). However, the lower Mackenzie and the Peace show trends toward increasing variability in both annual peak date and peak discharge. For the Peace, the dual influence of natural forcing and flow regulation of Williston Reservoir (Peters and Prowse, 2001 ) can account for these trends.
DISCUSSION AND CONCLUSIONS
The flow of the Mackenzie River reflects the contributions from its major sub-basins at different times of the year. The seasonal flow exhibits essentially a subarctic nival regime: high flows that occur during the snowmelt and river ice breakup period are followed by a steady decline, sometimes raised by summer and autumn rain events, until the winter, when low flow prevails. This Mackenzie at Arctic Red River regime is manifested in most of the sub-basins, though there are modifications, including the proglacial regime with summer high flows sustained by glacier melting and the wetland regime whereby summer runoff is reduced through storage and enhanced evaporation losses. The prolacustrine regime provides a strong contrast to the nival pattern, in that large lake storage strongly attenuates high flows and maintains steady runoff during the winter. Human interference also modifies the natural flows, so that the highly regulated Peace River has reduced seasonal flow variations due to hydroelectric power generation. Sub-basins with large natural lakes (e.g., Great Slave, Great Bear) or artificial lakes (e.g., Williston Reservoir on the Peace River) support most of the winter discharge for the Mackenzie River. Within the Mackenzie Basin, a northward decrease in runoff reflects the spatial trend in precipitation, which shows a decline towards the northern plains and the Shield areas. The mountainous basins generate the highest annual discharges in the Mackenzie Basin and their flows display the largest annual variations. On the other hand, basins in the Shield and on the low plains have the lowest discharge, but they still have large seasonal variations. Large lakes even out the seasonal flow variations, but the lake catchments contribute a low percentage of the total Mackenzie flow. Sub-basins in the mountainous region, such as the Peace, the Liard and the rivers from the northern mountains, constitute only 40% of the drainage area, but they usually yield over half of the Mackenzie flow. They have overwhelming influence on the Mackenzie discharge.
Although the available streamflow series are too short to warrant definite statements regarding the sensitivity of the Mackenzie system to the climatic warming suggested by the temperature records of the past decades, it is worthwhile for predictive or planning purposes to recognize the variations in the magnitude and the timing of flow contributions from the major sub-basins. Despite the warming signal revealed by the air temperature records, streamflow The first of day of hydrograph rise for Peace River cannot be defined with certainty, as the flow increase is often gradual. 4 Only 22 years of record are available. * Correlation significant at 0.90 probability; ** correlation significant at 0.95 probability.
of the Mackenzie system does not indicate any obvious trend at either an annual or a monthly time scale. On the other hand, significant changes in the flow variability have occurred for several rivers in different months. There is also evidence of an earlier breakup in the past few decades, and this may be related to the increasing air temperature trends for the snowmelt months of April to June. However, the date and the magnitude of peak flow show no trend. Of interest is that the date and the magnitude of peak flow have become more variable for the lower Mackenzie and the Peace, the latter river having been regulated by the operations of the Williston Reservoir. Streamflow in the past three decades indicates no general trend but suggests a tendency towards greater variability in several flow characteristics. Confirmation of the Mackenzie drainage system's responses to the climatic warming signal awaits further investigation when longer records from a denser hydrometric network become available.
